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YELLOWING1/STAY-GREEN1 (NYE1/SGR1) was recently reported to be able to dechelates magne-
sium (Mg) from Chl a to initiate its degradation, but little is known about the domain/motif basis of its
functionality. In this study, we carried out a protein truncation assay and identified a conserved cysteine-
rich motif (CRM, P-X3-C-X3-C-X-C2-F-P-X5-P) at its C terminus, which is essential for its function.
Genetic analysis showed that all four cysteines in the CRM were irreplaceable, and enzymatic assays
demonstrated that the mutation of each of the four cysteines affected its Mg-dechelating activity. The
CRM plays a critical role in the conformational change and self-interaction of NYE1 via the formation
of inter- and intra-molecular disulfide bonds. Our results may provide insight into how NYE1 responds
to rapid redox changes during leaf senescence and in response to various environmental stresses.
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Abstract  46 
Key message The C-terminal cysteine-rich motif of NYE1/SGR1 affects chlorophyll 47 
degradation likely by mediating its self-interaction and conformational change, and 48 
somehow altering its Mg-dechelating activity in response to the changing redox 49 
potential. 50 
Abstract During green organ senescence in plants, the most prominent phenomenon is the 51 
degreening caused by net chlorophyll (Chl) loss. NON-YELLOWING1/ STAY-GREEN1 52 
(NYE1/SGR1) was recently reported to be able to dechelates magnesium (Mg) from Chl a to 53 
initiate its degradation, but little is known about the domain/motif basis of its functionality. In 54 
this study, we carried out a protein truncation assay and identified a conserved cysteine-rich 55 
motif (CRM, P-X3-C-X3-C-X-C2-F-P-X5-P) at its C terminus, which is essential for its 56 
function. Genetic analysis showed that all four cysteines in the CRM were irreplaceable, and 57 
enzymatic assays demonstrated that the mutation of each of the four cysteines affected its 58 
Mg-dechelating activity. The CRM plays a critical role in the conformational change and 59 
self-interaction of NYE1 via the formation of both intra- and inter-molecular disulfide bonds. 60 
Our results may provide insight into how NYE1 responds to rapid redox changes during leaf 61 
senescence and in response to various environmental stresses. 62 
63 
INTRODUCTION 64 
Degreening caused by rapid chlorophyll (Chl) degradation is a process integral to green organ 65 
senescence in plants. It is not only a prerequisite for the degradation of Chl-binding proteins 66 
and consequently remobilization of a significant proportion of nutrients in senescing organs 67 
(Christ et al., 2014), but also vital for the detoxification of potentially photoactive Chls (Li et 68 
al., 2017). Recently, the biochemical pathway of Chl degradation, termed as the 69 
PAO/phyllobilin pathway, was elucidated (Christ et al., 2014, Kuai et al., 2018). Before 70 
entering the degradation pathway, Chl b is converted to Chl a through a two-step reaction 71 
(Sato et al., 2009, Meguro et al., 2011). Chl a is degraded via three major steps, magnesium 72 
de-chelation (Shimoda et al., 2016, Matsuda et al., 2016), dephytylation (Ren et al., 2010, 73 
Schelbert et al., 2009), and porphyrin macrocycle opening, to generate a linear red Chl 74 
catabolite (RCC) (Gray et al., 1997, Pruzinska et al., 2003), which is consecutively reduced to 75 
a primary fluorescent Chl catabolite (pFCC) (Pruzinska et al., 2007). pFCC is then modified 76 
to the end products, named phyllobilins (Krautler, 2014), by a series of enzymes, and finally 77 
stored in vacuoles (Christ et al., 2012, Christ et al., 2013, Hauenstein et al., 2016).  78 
 79 
NON-YELLOWING1/STAY-GREEN1 (NYE1/SGR1; named NYE1 in the following) was 80 
initially identified as a key regulator of Chl degradation in multiple species (Armstead et al., 81 
2006, Jiang et al., 2007, Park et al., 2007, Ren et al., 2007, Sato et al., 2007, Aubry et al., 82 
2008, Barry et al., 2008, Borovsky and Paran, 2008, Mecey et al., 2011, Zhou et al., 2011, 83 
Fang et al., 2014). In particular, it was shown to be responsible for Mendel’s green cotyledon 84 
trait (Sato et al., 2007, Armstead et al., 2007). Based on its extensive interactions with Chl 85 
catabolic enzymes (CCEs) and the subunits of light-harvesting complex II (LHCII), it was 86 
once postulated that it might act to recruit CCEs to somehow facilitate an efficient 87 
degradation of Chls (Sakuraba et al., 2012). However, this has not been further verified. By 88 
contrast, Shimoda et.al (2016) demonstrated that NYE1 expressed in the wheat germ system 89 
has an activity of dechelating Mg2+ from Chl a, solving a long-lasting mystery as for whether 90 
the first step of Chl a degradation is an enzymatic process and if yes, which enzyme(s) is 91 
responsible for it (Shimoda et al., 2016, Matsuda et al., 2016). Interestingly, NYE1 and its 92 
orthologs have also been implicated in other biological processes, e.g. disease resistance and 93 
symptom developments in Arabidopsis thaliana (Arabidopsis) and cucumber (Mur et al., 94 
2010, Mecey et al., 2011, Pan et al., 2018), nodule senescence in Medicago truncatula (Zhou 95 
et al., 2011), lycopene and β-carotene synthesis during tomato ripening (Luo et al., 2013), and 96 
oil accumulation in Brassica napus (Qian et al., 2016).  97 
 98 
Over the past few years, the transcriptional regulation of NYE1 during degreening and 99 
senescence has been extensively exploited. Our previous work showed that MYC2/3/4, EIN3, 100 
ORE1, ABF2/3/4, PIF4, and ANAC019/055/072 transcription factors (TFs) positively 101 
regulate the expression of NYE1 and/or its paralog NYE2 during Arabidopsis leaf senescence 102 
in a hormone- and dark condition-dependent manner, whereas SOC1 negatively regulates the 103 
expression of NYE1 (Song et al., 2014, Qiu et al., 2015, Zhu et al., 2015, Gao et al., 2016, Li 104 
et al., 2016, Zhu et al., 2017, Kuai et al., 2018, Chen et al., 2017). It has also been reported 105 
that ABI3 positively regulates the expression of both NYE1 and NYE2, promoting the 106 
degradation of Chl during seed maturation (Delmas et al., 2013), and ABI5 and EEL, both of 107 
which function downstream of PIF4/5, promote the expression of NYE1 (Sakuraba et al., 108 
2014a).  109 
 110 
NYE1 protein orthologs of many higher plants, as well as respective paralogs that are found 111 
in many species, are highly conserved. They exhibit two major domains, i.e. a large core 112 
domain and a C-terminal domain, which are separated by a rather variable region 113 
(Hörtensteiner, 2009). Several reported point mutations located in the conserved core domains 114 
cause a significant defect in Chl degradation, suggesting a functional importance of respective 115 
conserved residues (Park et al., 2007, Jiang et al., 2007, Barry et al., 2008, Borovsky and 116 
Paran, 2008, Mecey et al., 2011). Until now, however, no biochemical functions for the 117 
conserved C-terminal domain have been unveiled. In this study, by a protein truncation assay, 118 
we identified that the C-terminal domain, i.e. NYE1212-242, containing a cysteine-rich motif 119 
(CRM), is required for its function in Chl degradation. Further analyses showed that the CRM 120 
is necessary for the Mg-dechelation activity of NYE1. In addition, the CRM facilitates the 121 
conformational change of NYE1 via the formation of both intra- and inter-molecular disulfide 122 
bonds.  123 
 124 
RESULTS 125 
The C-terminal CRM of NYE1 is crucial for its function 126 
To investigate the molecular basis of NYE1’s function, we performed a protein truncation 127 
assay to identify its key functional domains and/or motifs. A series of truncated fragments 128 
were generated according to the conservation pattern of NYE1 protein sequences among 129 
higher plants (Figure 1a, Figure S1). The cDNAs of these fragments were individually 130 
inserted into the pCHF3 vector driven by the CaMV 35S promoter, and the resulting 131 
constructs were transiently expressed in N. benthamiana leaves. Two days post infiltration, 132 
leaves of N. benthamiana expressing the full-length NYE1 (NYE11-268) or NYE11-242 133 
exhibited yellowish phenotypes. By contrast, those expressing NYE11-211 or other shorter 134 
fragments stayed green (Figure 1b), suggesting that deletion of the NYE1212-242 fragment leads 135 
to malfunction of NYE1. Our previous studies showed that overexpression of NYE1 caused a 136 
yellowing leaf phenotype, particularly in the younger leaves of Arabidopsis plants (Ren et al., 137 
2007, Wu et al., 2016). To verify this result, the constructs containing the truncated NYE1 138 
fragments were introduced into the nye1-1 mutant background. After obtaining T1 transgenic 139 
plants, we found that a majority of the plants expressing the full-length NYE1 (NYE11-268) or 140 
NYE11-242 exhibited albino or yellowish leaves, which is consistent to our previous reports. 141 
By contrast, all plants expressing NYE11-211 or other shorter fragments showed no obvious 142 
phenotypic changes (Figure 1c), indicating unsuccessful complementation of nye1-1. To 143 
further validate the observations, we introduced the cDNA fragments of both NYE11-211 and 144 
NYE11-242 driven by a 1.5 kb promoter fragment of NYE1 into nye1-1 and treated excised 5-6th 145 
true leaves from both PNYE1::NYE1
1-211 and PNYE1::NYE1
1-242 transgenic plants in darkness for 146 
five days. As expected, PNYE1::NYE1
1-242, but not PNYE1::NYE1
1-211, rescued the stay-green 147 
phenotype of nye1-1 (Figure 1d). These results collectively suggest that the NYE1212-242 148 
fragment is essential for the function of NYE1 in Chl degradation.  149 
 150 
A multiple protein sequence alignment showed that the NYE1212-242 region contains a CRM, 151 
as previously described (Aubry et al., 2008), that includes eight invariable amino acids 152 
(P-X3-C-X3-C-X-C2-F-P-X5-P) (Figure 2a). To investigate whether four cysteines in the 153 
CRM are necessary for NYE1’s function, we mutated all the four cysteines to both alanine 154 
(NYE1C224A/C228A/C230A/C231A, named as NYE14C→4A) and glycine (NYE1C224G/C228G/C230G/C231G, 155 
named as mNYE1), because we noticed that cysteine residues were mutated interchangeably 156 
either to glycine or to alanine residues by different labs. We further constructed 157 
35S::NYE14C→4A-FLAG and 35S::mNYE1-FLAG vector and examined their function in N. 158 
benthamiana leaves. As shown in Figure S2, the phenotypes of N. benthamiana leaves 159 
expressing NYE1C224A/C228A/C230A/C231A-FLAG were similar to the ones of those expressing 160 
NYE1C224G/C228G/C230G/C231G-FLAG. To investigate whether other conserved residues in CRM 161 
are responsible for NYE1 functionality, we carried out an alanine (Ala) scanning mutagenesis 162 
assay. The eight conserved residues were individually mutated to Ala, and the mutated 163 
cDNAs introduced into the nye1-1 background. While a majority of T1 transgenic plants 164 
expressing NYE1P220A, NYE1F232A, NYE1P233A, or NYE1P239A exhibited albino or yellowish 165 
leaves, only few transgenic plants expressing NYE1C224A, NYE1C228A, NYE1C230A or 166 
NYE1C231A showed yellowing leaf phenotypes (Figure 2b), suggesting that all the four 167 
cysteines in the CRM significantly affect NYE1 function. 168 
 169 
There are additional four cysteines (C2, C135, C156 and C201) scattering upstream of the 170 
CRM, among which C135 and C201 are highly conserved (Figure S1). To evaluate the 171 
contribution of these cysteines to NYE1 function, we generated single cysteine to alanine 172 
mutations and performed transient expression assays in the leaves of N. benthamiana. Leaves 173 
expressing NYE1C2A, NYE1C135A, NYE1C156A, and NYE1C201A triggered chlorophyll 174 
degradation as the wild-type NYE1 did (Figure 2c), suggesting that these cysteine residues 175 
were not as critical as the four ones residing within the CRM. 176 
 177 
Thus far, five point mutations of NYE1 have been reported to cause a functional defect in Chl 178 
degradation in different plant species (Park et al., 2007, Jiang et al., 2007, Barry et al., 2008, 179 
Borovsky and Paran, 2008, Mecey et al., 2011). We produced corresponding mutations in 180 
Arabidopsis NYE1, and infiltrated the resulting expression constructs (NYE1Y82C-FLAG, 181 
NYE1D88Y-FLAG, NYE1I97M-FLAG, NYE1W122R-FLAG and NYE1R151S-FLAG) into N. 182 
benthamiana leaves. Consistently, no obvious yellowing symptoms were observed with these 183 
mutant constructs, in contrast to the yellowing symptoms developed after infiltration with the 184 
wild-type NYE1 construct (Figure 2d). 185 
 186 
The CRM guarantees the Mg-dechelating activity of NYE1 187 
NYE1, as well as NYE2, catalyzes the removal of Mg2+ from Chl a to generate pheophytin a 188 
(phein a), which is subsequently dephytylated by PPH (Schelbert et al., 2009, Shimoda et al., 189 
2016). We reasoned that blocking of the Mg-dechelation step would abolish the generation of 190 
phein a, which is over-accumulated during leaf senescence when the function of PPH is 191 
compromised (Schelbert et al., 2009). To test this, we generated the nye1 nye2 pph triple 192 
mutant by crossing. The triple mutant showed a strong stay-green phenotype resembling that 193 
of the nye1 nye2 double mutant after 4 d of dark incubation (Figure 3a). Remarkably, phein a 194 
was not detectable in the triple mutant (Figure 3b), genetically confirming that both NYE1 195 
and NYE2 function upstream of PPH. 196 
 197 
To investigate whether the CRM motif affects the Mg-dechelating activity of NYE1, we 198 
analyzed the Mg-dechelating activity of recombinant NYE1-FLAG and mNYE1-FLAG 199 
(NYE1C224G/C228G/C230G/C231G), in which all the four cysteines in the CRM were mutated to 200 
glycine, prepared by using the wheat germ protein expression system (Shimoda et al., 2016) 201 
(Figure 3c). Recombinant NYE1-FLAG showed a robust, albeit low Mg-dechelating activity, 202 
whereas mNYE1-FLAG exhibited no Mg-dechelating activity at all when Chl a was used as 203 
the substrate (Figure 3d). This result suggests that the CRM is necessary for the 204 
Mg-dechelating activity of NYE1.  205 
 206 
To further investigate whether other conserved residues affects the Mg-dechelating activity of 207 
NYE1, we examined the enzymatic activity of five reported point mutants of NYE1 as 208 
described above (Figure 2d). It was shown that all the five residues were essential for the 209 
Mg-dechelating activity of NYE1 (Figure S3a-b), including the D88Y substitution, which 210 
affects the development of disease symptoms (Mecey et al., 2011).  211 
 212 
The CRM facilitates the self-interaction of NYE1 213 
NYE1 and NYE2 form homo- and/or heterodimers during leaf senescence (Sakuraba et al., 214 
2014c). To clarify whether the CRM affects NYE1 self-interaction, we performed in vitro 215 
pull-down assays. MBP, MBP-NYE1, or MBP-mNYE1 were individually mixed with 216 
His-NYE1 and incubated with amylose resin. The pulled-down fractions were subjected to 217 
SDS-PAGE and analyzed by immunoblotting using a monoclonal anti-His antibody. The 218 
results showed that MBP-NYE1 pulled down more His-NYE1 proteins than MBP-mNYE1 219 
(Figure 4a). Similar results were obtained from the reverse pull-down assay using Ni-NTA 220 
resin (Figure 4b). Furthermore, we carried out bimolecular fluorescence complementation 221 
(BiFC) assays to verify the above results. Full-length NYE1 and mNYE1 were fused to either 222 
the N- or C-terminal half of yellow fluorescent protein (YFP), and co-expressed in tobacco 223 
leaves. A stronger YFP fluorescence signal was generated with the combination of 224 
NYE1-nYFP and NYE1-cYFP rather than with that of mNYE1-nYFP and NYE1-cYFP 225 
(Figure 4c). To investigate whether NYE1 self-interaction is dependent on the disulfide 226 
bonds, we examined the self-interaction ability of NYE1 under both non-reducing and 227 
reducing condition using a MBP pulldown assay. As shown in Figure S4, 5mM DTT reduced 228 
but not complete blocked NYE1 self-interaction, suggesting that both disulfide bonds and 229 
other unknown bonds affect the NYE1 self-interaction. Taken together, these results suggest 230 
that the four cysteines in the CRM facilitate NYE1 self-interaction.  231 
 232 
NYE1 interacts with other CCEs during leaf senescence (Sakuraba et al., 2012). To 233 
investigate whether the CRM affects the interaction between NYE1 and other CCEs, we 234 
performed further in vitro pull-down assays. His-NYE1, His-mNYE1, and MBP-CCEs were 235 
expressed in E. coli, mixed and incubated with Ni-NTA resin, respectively. Western blot 236 
analysis revealed that the amounts of pulled-down MBP-CCEs were similar with His-NYE1 237 
or His-mNYE1 (Figure S5a). Consistent results were observed in BiFC assays, i.e. the 238 
intensity of YFP fluorescence generated with the combinations of NYE1-nYFP and 239 
CCEs-cYFP was visually similar to that with the combinations of mNYE1-cYFP and 240 
CCEs-cYFP (Figure S5b), suggesting that the CRM is not required for NYE1 to interact with 241 
other CCEs during leaf senescence.  242 
 243 
NYE1 also interacts with LHCII complex during leaf senescence (Park et al., 2007, Sakuraba 244 
et al., 2012). To investigate whether the CRM affects the interaction between NYE1 and 245 
LHCII complex, the cDNAs of NYE1 truncated versions were constructed to pGADT7 (AD) 246 
vectors, and those of Lhcb1, Lhcb2 and Lhcb3 constructed to pGBKT7 (BD) vectors. The 247 
interaction capabilities of different NYE1 truncated versions with Lhcb subunits were 248 
examined by the yeast-two-hybrid assay. As shown in Figure S5c, NYE149-268 (Full length 249 
with chloroplast transit peptide removed) and NYE149-71 interacted with all three Lhcb 250 
proteins, and NYE1131-211 interacted with Lhcb2 and Lhcb3 but not Lhcb1. In contrast, the 251 
NYE1212-268, which contains the CRM motif, did not interact with all three Lhcbs, suggesting 252 
that CRM is not required for NYE1 to interact with LHCII complex during leaf senescence.   253 
 254 
The CRM domain is involved in the redox regulation of NYE1 conformations 255 
Cysteine residues are often involved in disulfide bridge formation to regulate conformation 256 
and/or activity changes (Giles et al., 2003). To clarify whether the CRM is involved in the 257 
formation of disulfide bonds, NYE1-FLAG and mNYE1-FLAG fusion proteins were 258 
transiently expressed in the leaves of N. benthamiana. Time-course experiments showed that 259 
leaves expressing NYE1-FLAG began to turn yellow 24 h after infiltration and the yellowing 260 
phenotype became more severe at the later time points. However, little change was observed 261 
in the leaves expressing mNYE1-FLAG or empty vector (Figure 5a). Immunoblot analysis 262 
revealed that both NYE1-FLAG and mNYE1-FLAG existed as monomeric forms 24 h after 263 
infiltration, and gradually formed dimers and oligomers at 36 h and 48 h under non-reducing 264 
conditions (Figure 5b). We noticed that the monomeric form of NYE1-FLAG migrated faster 265 
than mNYE1-FLAG in the gel, implying that the CRM may be involved in the formation of 266 
intramolecular disulfide bond. In addition, the proportion of oligomerized NYE1-FLAG was 267 
higher than that of oligomerized mNYE1-FLAG, suggesting that the CRM may affect the 268 
oligomerization of NYE1. After treatment with 5 mM DTT, the electrophoretic mobility of 269 
monomeric NYE1-FLAG became similar to that of mNYE1-FLAG (Figure 5c), confirming 270 
that the CRM is involved in the formation of intramolecular disulfide bond. Notably, the 271 
dimers and oligomers of NYE1-FLAG and mNYE1-FLAG were depolymerized to reduced 272 
monomers, indicating that NYE1-FLAG can be oligomerized through the formation of 273 
intermolecular disulfide bonds. Free cysteine residues could form non-specific disulfide 274 
bonds during sample preparation (Mou et al., 2003). To examine whether the different 275 
conformations of NYE1 exist indeed in vivo, we added an alkylating agent NEM to SDS 276 
sample buffer before preparation, which could inhibit the formation of non-specific disulfide 277 
bonds. Western blot assays showed that in the presence of 5 mM NEM, NYE1-FLAG were 278 
detected primarily as reduced monomeric forms at the time-point of 24 h after infiltration 279 
(Figure 5d), implying that the oxidized monomers observed in Figure 5b were an artifact, 280 
likely being produced during sample preparation. However, oxidized dimers and oligomers 281 
were indeed detected at the time-points of 36 h and 48 h, suggesting that the dimerization and 282 
oligomerization of NYE1-FLAG do occur through oxidation during induced senescence in the 283 
cells of N. benthamiana. Taken together, our results indicate that the four cysteines in the 284 
CRM are involved in the formation of both intra- and inter-molecular disulfide bonds. 285 
 286 
DISCUSSION 287 
A cysteine-rich motif at the C terminal of NYE1 and five conserved residues in its core 288 
domain are required for its Mg-dechelating activity 289 
NYE1 was originally identified as a key regulator of Chl degradation, and its mutation led to 290 
a stay-green phenotype during leaf senescence in Arabidopsis (Ren et al., 2007). NYE1 291 
orthologous proteins are highly conserved in higher plant species (Ren et al., 2007, 292 
Hortensteiner, 2009). However, bioinformatics analysis has not provided clues about the 293 
possible functions of its conserved domains, nor have experimental data been provided. In 294 
this study, by a protein truncation assay, we identified a domain, NYE1212-242, localized at the 295 
C-terminus of NYE1, which is indispensable for its function (Figure 1). In addition, point 296 
mutagenesis assays demonstrated that all four cysteines residing in a cysteine-rich motif 297 
(CRM, P-X3-C-X3-C-X-C2-F-P-X5-P) within the NYE1212-242 region are required for NYE1 298 
function (Figure 2b and Figure S2). By contrast, other cysteines (C2, C135, C156 and C201) 299 
localized either in the N-terminal putative chloroplast transit peptide or in the highly 300 
conserved core domain were of no functional importance (Figure 2c). Our analyses highlight 301 
the importance of the CRM for NYE1 functionality in vivo.  302 
 303 
Recently, NYE1 was reported as an Mg-dechelatase in the Chl degradation pathway (Shimoda 304 
et al., 2016). Consistently, we found that phein a did not accumulate in senescing leaves of 305 
the nye1 nye2 pph triple mutant (Figure 3a-b). Notably, mutations of cysteines in the CRM 306 
(mNYE1-FLAG) abolished the Mg-dechelating activity of NYE1 in vitro (Figure 3c-d), 307 
indicating that the CRM is necessary for NYE1 to function as an Mg-dechelatase. 308 
Consistently, other five reported point mutations of NYE1 (Park et al., 2007, Jiang et al., 2007, 309 
Barry et al., 2008, Borovsky and Paran, 2008, Mecey et al., 2011) also affect the 310 
Mg-dechelating activity of NYE1 in vitro (Figure S3a-b). These results imply that both the 311 
core domain and the CRM are required for the Mg-dechelating activity of NYE1. 312 
 313 
NYE1 conformation is likely regulated by redox in senescent leaf cells 314 
Thiol groups of cysteines are often involved in the redox regulation of protein conformational 315 
changes and activity (Giles et al., 2003), e.g. C82 and C216 of NPR1 (Non-expressor of 316 
Pathogenesis Related genes 1) in Arabidopsis affect both its protein conformation and activity 317 
via the formation of intermolecular disulfide bonds (Mou et al., 2003). In this study, we 318 
demonstrate that NYE1 displays different conformational states during Chl degradation, 319 
including monomers, dimers, and oligomers. In addition, both monomers and dimers exhibit 320 
oxidized and reduced redox states. Mutations of the four cysteines in the CRM affected not 321 
only the oligomerization but also the redox status of NYE1 (Figure 5b-d). Thus, the CRM 322 
may participate in the formation of both inter- and intra-molecular disulfide bonds, which is 323 
consistent with our further finding that the CRM affects NYE1 self-interaction but not its 324 
interaction with other CCEs and LHCII complex (Figure 4 and Figure S5). These results 325 
indicate that NYE1 protein conformation may be regulated by redox during leaf senescence. 326 
We had also tried to determine whether the Mg-dechelating activity of NYE1 is also regulated 327 
accordingly. Nevertheless, because only a trace enzymatic activity of NYE1 could be detected 328 
in vitro (Figure 3d and S3b), though much effort has been spent on optimizing the detection 329 
system, we could hardly conduct a precise analysis to quantify the effect of redox conditions 330 
on the enzymatic activity of NYE1. Being prepared with the wheat germ system, both 331 
NYE1-FLAG and mNYE1-FLAG predominantly expressed as reduced form of monomers 332 
(Figure 3c). With these observations, we reason that in vivo, NYE1 could have a much higher 333 
enzymatic activity in a physiological yet undefined environment, possibly functioning more 334 
efficiently as the oxidized dimers and/or oligomers formed in response to increasingly 335 
enhanced reaction oxygen species (ROS) content in senescing chloroplasts. A consistent 336 
observation is that in a time course analysis in the leaves of N. benthamiana, NYE1-FLAG 337 
existed mainly as reduced monomers at the initial stage of induced senescence (Figure 5d). In 338 
contrast, the reduced mNYE1-FLAG showed no activity in in vitro enzyme activity detection 339 
system (Figure 3c-d). This indicates that the CRM indeed affects the function of NYE1, likely 340 
through regulating its conformational change, which is possibly involved in metal ion 341 
binding/removal (Giles et al., 2003), or through participating in its posttranslational 342 
modifications, such as S-sulfhydration (Aroca et al., 2015) and S-nitrosylation (Wang et al., 343 
2006), or via yet unknown mechanisms.  344 
 345 
In the time course analysis in the leaves of N. benthamiana, we found that NYE1-FLAG 346 
exhibited different conformations at different stages of induced senescence (Figure 5d), 347 
suggesting that the different conformations of NYE1 may function differentially. Magnesium 348 
(Mg) chelatase is a heterotrimeric complex that facilitates the insertion of Mg2+ into 349 
protoporphyrin IX during Chl biosynthesis (Rissler et al., 2002). This prompts us that the 350 
dimers and/or oligomers of NYE1 may be more efficient in removing magnesium than 351 
monomers. On the other hand, chloroplasts are the main target of ROS-linked damage during 352 
natural senescence as ROS detoxification capability declines with age (Khanna-Chopra, 2012), 353 
and chloroplast degeneration is accompanied by chlorophyll degradation and the progressive 354 
loss of proteins at the early stage of senescence (Lim et al., 2007). Of course, after being 355 
attacked by ROS, NYE1 also possibly forms insoluble aggregates, which are presumably 356 
destined to degradation. This is reminiscent of that in response to stresses, plants adopt 357 
NBR1-mediated selective autophagy to tackle insoluble ubiquitinated protein aggregates as an 358 
adaptive strategy (Zhou et al., 2013). Clearly, the significance of the CRM-mediated NYE1 359 
conformational change awaits future investigation. 360 
 361 
The CRM may have been evolved as a sensor of the changing redox potential to 362 
stimulate Chl degradation during leaf senescence, fruit ripening, and stress responses in 363 
higher plants 364 
The CRM motif was exclusively present in NYE proteins among higher plants, neither in 365 
NYE/SGR-like (SGRL) proteins nor in the NYE/SGR proteins of the green algae 366 
Chlamydomonas reinhardtii and Micromonas pusilla (Matsuda et al., 2016, Hortensteiner, 367 
2009). Although both NYE and SGRL possess Mg-dechelating activity in vitro (Matsuda et 368 
al., 2016, Shimoda et al., 2016), only NYE proteins seem to be involved in Chl degradation 369 
during leaf senescence in vivo (Sakuraba et al., 2014b). Curiously, it was recently reported 370 
that NYE/SGR of C. reinhardtii acts as Mg-dechelatase only during the formation of 371 
photosystem II rather than in Chl degradation (Chen et al., 2018). Here, we found that the 372 
CRM in NYE1 was indispensable for Chl degradation and Mg-dechelating activity during 373 
leaf senescence in Arabidopsis (Figure 2b, Figure 3d). These results imply that the CRM 374 
motif may have been evolved in higher plants to specifically mediate the Chl degradation 375 
function of NYEs/SGRs during leaf senescence. It has been known that an increase in the 376 
content of reactive oxygen species (ROS) is one of the earliest responses of plant cells upon 377 
senescence initiation (Khanna-Chopra, 2012). Our analysis shows that the CRM is critical for 378 
NYE1 to alter its conformational state in response to redox changes in vivo (Figure 5). Hence, 379 
we speculate that the CRM may be required for NYE1 to rapidly sense the changing redox 380 
potential to stimulate Chl degradation during leaf senescence. Whether the CRM is also 381 
necessary for NYE1/SGR1 to participate in other biological processes (Mur et al., 2010, 382 
Mecey et al., 2011, Zhou et al., 2011, Luo et al., 2013, Qian et al., 2016) requires further 383 
investigation. Like NYE1, PAO proteins also possess a C-terminal CRM, albeit structurally 384 
different (Gray et al., 2004); thus, it would be interesting to know that to what extend the 385 
redox regulation is also required for other CCEs to function properly.  386 
 387 
MATERIALS AND METHODS 388 
Plant Material and Growth Conditions 389 
Arabidopsis thaliana wild-type (Col-0), nye1 (nye1-1) (Ren et al., 2007), nye1 nye2 (Wu et 390 
al., 2016), pph-1 (Schelbert et al., 2009, Ren et al., 2010) and N. benthamiana were used in 391 
this study. The nye1 nye2 pph triple mutant was generated by genetically crossing nye1 nye2 392 
with pph-1. Plant transformation was conducted using a floral dip procedure (Clough and 393 
Bent, 1998). Putative transgenic plants were selected on MS medium supplemented with 100 394 
mg/L kanamycin (for pCHF3-derived constructs). Both Arabidopsis and N. benthamiana 395 
were grown at 22–24°C, under long-day conditions (16 h light/8 h dark) in a growth chamber 396 
equipped with cool-white fluorescent lights (100 μmol m-2 s-1). For dark treatment, the 5-6th 397 
leaves detached from 3-week-old Arabidopsis plants were incubated on wet filter paper and 398 
kept in darkness at 22 °C for the indicated days.  399 
 400 
Plasmid Construction  401 
For both transient and stable expression assays, cDNAs of truncated mutants, point mutations 402 
and FLAG-tagged fusion proteins of NYE1 were amplified by specific primers and cloned 403 
into the pCHF3 vector (Ge et al., 2005). For complementation assays, a promoter fragment 404 
(1.5 kb) upstream of the NYE1 start codon was pre-inserted into pCHF3 (pNYE1-pCHF3) and 405 
cDNAs of NYE11-211 and NYE11-242 were amplified and cloned into the pNYE1-pCHF3 vector. 406 
Site-directed mutagenesis of residues in NYE1 was performed by specific primers using a 407 
PCR-based quick change site-directed mutagenesis. For pull-down assays, the coding regions 408 
of NYE1 and mNYE1 without the predicted N terminal chloroplast transit peptide (48 aa) were 409 
amplified and separately cloned into pET28a (His-tag, Novagen) or pMAL-C5G (MBP-tag, 410 
NEB) vector. Full-length cDNAs of CCGs (HCAR, NOL, PPH, PAO and RCCR) and cDNA 411 
of NYC11-342 were cloned into pMAL-C5G. For BiFC assays, full-length cDNAs of NYE1 and 412 
mNYE1 were cloned into the pXY103 (-nYFP) and pXY104 (-cYFP) vectors, and the cDNAs 413 
of CCGs (NOL, PPH and RCCR) were cloned into pXY104. For the yeast two-hybrid assay, 414 
cDNAs of truncated versions of NYE1 were cloned into pGADT7, and Lhcb1, 2, 3 were 415 
cloned into pGBKT7. 416 
 417 
Transient expression assays and BiFC assays 418 
Transient expression and BiFC assays in the leaves of N. benthamiana were performed 419 
according to a previous study (Zhu et al., 2015).  420 
 421 
High-Performance Liquid Chromatography (HPLC) 422 
Chl and green Chl catabolites were extracted and analyzed using reverse-phase HPLC as 423 
described (Schelbert et al., 2009, Wu et al., 2016) with the following modifications. HPLC 424 
was performed on an Agilent 1260 Infinity LC System (Agilent) equipped with a Hanbon 425 
Phecda C18 column (250 mm × 4.6 mm, 5 μm) (Hanbon). The mobile phase consisted of 426 
solvent A [ methanol : acetonitrile : 0.25M pyridine = 2:1:1 (v : v : v) ] and solvent B [ 427 
methanol : acetonitrile : acetone = 1:1:3 (v : v : v)], and an elution gradient from 80% B in A 428 
to 98% B in A within 6 min, followed by 98% B for 14 min. The flow rate was 1.2 mL/min. 429 
Chl catabolites were detected at 410 nm. 430 
 431 
Mg-Dechelating Activity 432 
Mg-dechelating activity of NYE1 was determined according to Shimoda et al. (2016). 433 
Recombinant NYE1-FLAG, mNYE1-FLAG, NYE1Y82C-FLAG, NYE1D88Y-FLAG, 434 
NYE1I97M-FLAG, NYE1W122R-FLAG, and NYE1R151S-FLAG proteins were prepared using the 435 
High-Yield Wheat Germ Protein Expression System (Promega). Chl a (Sigma) was used as 436 
substrate, and the Chl catabolites were analyzed by HPLC as described above. 437 
 438 
Western Blot Analysis 439 
Immunoblot analysis was performed according to Wu et al. (2016). Protein extracts were 440 
mixed with 1 volume of 2×sample buffer [100 mM Tris, 20% glycerol, 4% SDS (pH 6.8), and 441 
0.04% bromophenol blue] in the presence (reducing) or absence (non-reducing) of 5 mM 442 
DTT or 5mM NEM. The mixed protein solutions were denatured at 95℃ for 5 min, 443 
separated by SDS-PAGE on 10% polyacrylamide gels, and detected by immunoblots using 444 
anti-FLAG (Sigma), anti-MBP (TransGen) or anti-His antibodies (TransGen).  445 
 446 
Pull-Down Assays 447 
Pull-down assays were performed according to Zhu et al (2015). His-tagged and MBP-tagged 448 
fusion proteins were expressed in the E. coli strain BL21, and were extracted with extraction 449 
buffer [50 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 0.2% Triton X-100, and protease inhibitor 450 
cocktail (Sigma)] with or without 0.1% SDS, respectively. For His-pull-down and 451 
MBP-pull-down, protein mixtures were incubated with 30 μl Ni-NTA metal affinity matrix 452 
(Sangon Biotech) and amylose resin (New England Biolabs), respectively. After incubation at 453 
4 °C for 4 h, beads were washed eight times with column buffer [50 mM Tris-HCl (pH 7.5), 454 
0.15 M NaCl, 0.2% Triton X-100]. Washed beads were boiled with 100 μl of 1×sample buffer 455 
[50 mM Tris, 10% glycerol, 2% SDS (pH 6.8), and 0.02% bromophenol blue] at 95℃ for 5 456 
min and subjected to immunoblot analysis using corresponding antibodies. 457 
 458 
Yeast two-hybrid 459 
Protein interactions between NYE1 truncated versions and LHCII subunits were analyzed 460 
according to the manufacturer's instruction manual (Clontech). 461 
 462 
Accession numbers 463 
NYE1 (AT4G22920), HCAR (AT1G04620), NYC1 (AT4G13250), NOL (AT5G04900), PPH 464 
(AT5G13800), PAO (AT3G44880), RCCR (AT4G37000), β-ACTIN2 (AT3G18780). 465 
 466 
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Figure 1. Identification of the functional domains of NYE1 proteins.  663 
(a) Schematic of the NYE1 cDNA truncations used in this work. NYE1 expression was driven by the 35S 664 
promoter.  665 (b) Phenotypes of 4-week-old N. benthamiana leaves at 2 d post infiltration (dpi) with Agrobacteria carrying 
constructs for the expression of full length NYE1, respective truncated versions, or an empty vector.  666 
(c) Phenotypes of 3-week-old T1 transgenic nye1-1 plants expressing full length NYE1, respective truncated 667 
versions, or an empty vector. The numbers in brackets indicate the ratios of plants with albino or yellowish leaves 668 
to total plants. 669 
(d) Genetic complementation of nye1-1 with NYE11-211 and NYE11-242, respectively. Phenotypes of the excised 670 
5-6th leaves of Col-0, nye1-1, PNYE1::NYE11-211, and PNYE1::NYE11-242 plants before (0 DAD) and after dark 671 
treatment for 5 d (5 DAD). 672 
 673 
Figure 2. Functional characterization of eight conserved residues within the CRM, four cysteines scattering 674 
upstream of CRM and five reported key residues in the core domain of NYE1. 675 
(a) Alignment of the cysteine-rich motifs of NYE1 sequences from different higher plant species. Sequences were 676 
aligned by DNAMAN software. Black shading and dark gray shading represent 100% and 75% sequence 677 
identities, respectively. GenBank protein accession numbers are as follows: Arabidopsis thaliana AtNYE1, 678 
AAW82962; AtNYE2, AAU05981; Glycine max GmSGR1, AAW82959; GmSGR2, AAW82960; Oryza sativa 679 
OsSGR1, AAW82954; Sorghum bicolor SbSGR, AAW82958; Solanum lycopersicon SlSGR, ACB56587. 680 
(b) Phenotypes of 3-week-old T1 transgenic nye1-1 plants expressing NYE1 with single point mutations in the 681 
cysteine-rich motif. The numbers in brackets indicate the ratios of plants with albino or yellowish leaves to total 682 
plants.  683 
(c) Phenotypes of N. benthamiana leaves at 2 dpi with Agrobacteria carrying constructs for the expression of 684 
NYE1, NYE1C2A, NYE1C135A, NYE1C156A, and NYE1C201A, or an empty vector.  685 
(d) Phenotypes of N. benthamiana leaves at 1.5 dpi with Agrobacteria containing constructs for the expression of 686 
NYE1-FLAG, NYE1Y82C-FLAG, NYE1D88Y-FLAG, NYE1I97M-FLAG, NYE1W122R-FLAG, and NYE1R151S-FLAG. 687 
 688 
Figure 3. The CRM is necessary for the Mg-dechelating activity of NYE1. 689 
(a) Phenotypes of the indicated genotypes after dark treatment. Rosette leaves detached from 4-week-old plants 690 
were treated in darkness for 4 d. DAD, days after dark treatment. 691 
(b) HPLC examination of the leaves shown in (a). Chl, chlorophyll; phein, pheophytin; DAD, days after dark 692 
treatment. 693 
(c) Immunoblot analysis of NYE1-FLAG and mNYE1-FLAG proteins expressed with the wheat germ protein 694 
expression system under non-reducing condition using a monoclonal anti-FLAG-HRP antibody. 695 
(d) HPLC examination after incubating chlorophyll a with NYE1-FLAG and mNYE1-FLAG prepared with the 696 
wheat germ protein expression system. The chloroplast transit peptides of NYE1 and mNYE1 were removed, and 697 
the FLAG-tag fused to their C-termini. Chl, chlorophyll; phein, pheophytin. 698 
 699 
Figure 4. Requirement of the cysteines in the CRM for NYE1 self-interaction. 700 
(a) Interaction analysis of MBP-NYE1, MBP-mNYE1, and free MBP with His-NYE1 in an MBP-pull-down assay. 701 
(b) Interaction analysis of His-NYE1 with MBP-NYE1, MBP-mNYE1, and free MBP in a His-pull-down assay. 702 
(c) BiFC analysis in N. benthamiana leaves of combinations of NYE1-nYFP or mNYE1-nYFP with NYE1-cYFP 703 
or free cYFP. YFP, YFP fluorescence; Chlorophyll, chlorophyll autofluorescence; Bright field, white light; Merge, 704 
overlay of all three images. Scale bar=20 μm. 705 
 706 
Figure 5. Western blot analysis of in vitro and in vivo NYE1 and mNYE1 protein conformations. 707 
(a) Phenotypes of the leaves of 4-week-old N. benthamiana at 24 h, 36 h and 48 h post infiltration with 708 
Agrobacteria containing constructs for the 35S promoter-driven expression of NYE1-FLAG or mNYE1-FLAG, or 709 
an empty vector. 710 
(b), (c) and (d) Immunoblot analysis under non-reducing [without DTT; (b)] or reducing conditions [5 mM DTT; 711 
(c)] or 5 mM NEM (d) of NYE1-FLAG and mNYE1-FLAG before (0 h) or 24 h, 36 h, and 48 h after infiltration 712 
using a monoclonal anti-FLAG-HRP antibody. “*”, non-specific proteins; “O”, oligomers; “Re-D”, reduced 713 
dimers; “Ox-D”, oxidized dimers; “Re-M”, reduced monomers; “Ox-M”, oxidized monomers. 714 
 715 
Figure S1. Alignment of NYE protein sequences from higher plants.  716 
Sequences were aligned by DNAMAN software. Black shading, dark gray shading, and gray shading represent 717 
100%, 75%, and 40% sequence identities, respectively. GenBank protein accession numbers are as follows: 718 
Arabidopsis thaliana AtNYE1, AAW82962; AtNYE2, AAU05981; Glycine max GmSGR1, AAW82959; 719 
GmSGR2, AAW82960; Oryza sativa OsSGR1, AAW82954; Sorghum bicolor SbSGR, AAW82958; Solanum 720 
lycopersicon SlSGR, ACB56587. Red rectangles highlight the positions of eight cysteine residues; Green 721 
rectangles highlight the positions of five reported key residues in the core domain of NYE1. 722 
 723 
Figure S2. Functional characterization of NYE14C→4A-FLAG and mNYE1-FLAG in N. benthamiana leaves. 724 
(a) Phenotypes of 4-week-old N. benthamiana leaves at 2 dpi with Agrobacteria carrying respective constructs. 725 
mNYE1-FLAG, NYE1C224G/C228G/C230G/C231G-FLAG; NYE14C→4A-FLAG, NYE1C224A/C228A/C230A/C231A-FLAG. 726 
(b) Immunoblot analysis of N. benthamiana leaves infiltrated with respective constructs shown in (a). 5 mM DTT 727 
was added during sample preparation.  728 
 729 
Figure S3. The Y82, D88, I97, W122, and R151 residues are required for the Mg-dechelating activity of 730 
NYE1 731 
(a) Immunoblot analysis of NYE1-FLAG, NYE1Y82C-FLAG, NYE1D88Y-FLAG, NYE1I97M-FLAG, 732 
NYE1W122R-FLAG, and NYE1R151S-FLAG proteins prepared by the wheat germ protein expression system under 733 
non-reducing condition using a monoclonal anti-FLAG-HRP antibody. 734 
(b) HPLC examination of Chl catabolites. Chl a was incubated with crude extracts of either wild-type or respective 735 
mutated NYE1 proteins shown in (a) in the Mg-dechelating reaction buffer for 60 minutes. Chl, chlorophyll; phein, 736 
pheophytin. 737 
 738 
Figure S4. MBP pulldown assay examined the NYE1 self-interaction ability under both non-reducing 739 
(-5mM DTT) and reducing condition (+5mM DTT). Pulled-down proteins were detected by immunobloting 740 
using both monoclonal anti-His and anti-FLAG antibodies. 741 
 742 
Figure S5. Similar interaction capabilities between NYE1 and mNYE1 with CCEs and LHCII subunits in 743 
vitro and in vivo. 744 
(a) Interaction capabilities of MBP-CCEs with His-NYE1 or His-mNYE1 in pull-down assays. Pulled-down 745 
proteins were detected by immunobloting using a monoclonal anti-His antibody. “*” indicates corresponding 746 
MBP-CCEs proteins, His-NYE1 or His-mNYE1.  747 
(b) BiFC interaction assays of NYE1-nYFP or mNYE1-nYFP with CCE-cYFPs in N. benthamiana leaves. YFP,, 748 
YFP fluorescence; Chlorophyll, chlorophyll autofluorescence; Bright field, white light; Merge, overlay of all three 749 
images. Scale bar=20 um.  750 
(c) Yeast-two-hybrid analysis of interactions between different truncated NYE1 fragments and three Lhcb 751 
proteins. All the three Lhcb subunits were   752 
